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Abstract 
 
Human factors consideration should form an integral part of any system’s design. 
The aim is to ensure the designed system is compatible with human skills and 
limitations. Benefits of this consideration include reduction in the required level of 
training once the system is deployed. Unfortunately, even though the requirement of 
humans in systems design is well known, systems are continuously designed with 
little or no input from the eventual operators. 
This study aims to investigate the human factors aspect in the automation design of 
a safety-critical installation. Automation in its noble form is intended to improve 
factors such as safety, efficiency, and costs. However, this is not always the case. 
Part of the problem is that human operators are not always adequately considered 
during the design. It is the aim of this study to elicit the important human factors that 
must be considered in the automation design. This is done using a case study 
method. 
The case study was undertaken at the major radioisotopes production institution in 
the Republic of South Africa. The use of this study method is adopted as it provides 
enough in-depth knowledge that can be used in other safety-critical facilities. 
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Definitions 
 
 
Defence-in-Depth 
 
Defence-in-depth entails the use of multiple barriers to prevent the 
release of radioactive materials and uses a variety of programs to 
ensure the integrity of barriers and related systems. 
 
Hot Cell 
 
Hot cells are exhausted and shielded enclosures equipped with 
remote handling tongs or master-slave manipulators for processing 
radioactive materials. 
 
Human Factor 
 
Human factor is a multidisciplinary effort to generate and compile 
information about human capabilities and limitations for safe, 
comfortable and effective human operator performance. 
 
 
Nuclear Installation 
 
Nuclear installation refers to any facility that handles quantity of 
fissionable material sufficient to form a critical mass. 
 
Situation Awareness 
 
Situation awareness refers to the ability to perceive elements in the 
environment, understand their meaning and make projections 
about their status in the near future. 
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CHAPTER 1: BACKGROUND 
 
Industrial automation designers are often faced with the difficulty of reconciling utility 
for human operators and technology advancement (Heyer, 2010). The process is 
even more difficult for safety-critical industries like that of nuclear where human 
intervention has in the past resulted in catastrophic accidents (US NRC, Three Mile 
Accident, 2013). It is in this regard that the industry has resolved to incorporate 
human factors consideration in the development of all nuclear installations.    
Whilst technological benefits such as reliability are evident, flaws related to human 
behaviour are continuously experienced (Cococcioni et al., 2016). Researchers such 
as Neumann et al., (2016) attribute this to various factors including lack of 
knowledge, use of incorrect tools as well as methods used by systems’ developers in 
the design process (Neumann et al., 2016). The authors found a strong correlation 
between high productivity and the consideration of human factors (HF) during 
systems development (Neumann, 2010). Cococcioni et al., (2016) who in their study 
of job assignment, found a strong correlation between HF and behaviour of 
operators support this conclusion. This human factors consideration is an important 
input to the systems design and will be the basis of this study.  
The next section will introduce the background of human factors. 
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1.1 History of Human Factors 
 
The history of human behaviour evolved along two parallel development paths 
according to Bell Laboratories. The first approach evolved in the 1940s and was 
based on customer orientation where the product was designed to meet customer 
capability (Hanson, 1983). This approach relied on empirical studies performed in 
laboratories as noted by Hanson (1983). It also became apparent that the value 
chain must not only focus on the end product but on how the product is made. This 
resulted in the second human behavioural approach in the 1950s, focusing on the 
skills of the employees that made products consumed by the customers. Karlin who 
is credited for much of the work in behavioural studies was instrumental in this 
regard (Hanson, 1983). Other studies trace the origin of HF consideration to 
industrial safety engineering during the 1930s (Borsos et al., 2015). 
In the nuclear industry, the importance of HF was not apparent until the Three Mile 
Island (TMI) accident on 28 March 1979 (Agency, International Energy, 2007). Some 
analysts attribute the accident to human error and as part of lessons learned from 
the accident, the industry made a general agreement to incorporate HF principles in 
the design and development of any nuclear installations. As noted by Joe et al., 
(2015), the industry has adopted a balancing approach between technical and 
human aspects in the development of all nuclear systems development. To date, 
there has been active research into this balancing act as technology advances. 
 
 
Human factors consideration in the automation design of a safety-critical installation 
 
Introduction Page 3 
 
1.2 Problem Statement 
 
Human errors are considered to be the major cause of industrial accidents. In 2012, 
statistics estimated that as much as 80% of accidents that occurred in the European 
Union (EU) were as a result of human error (Cococcioni et al., 2016). This human 
error is often described as the wrong action taken by human operator at a wrong 
time and wrong place (Wickens et al., 2015). Reasons for human error as noted by 
various researchers include the following: 
 Designing systems without proper consideration of human capabilities and 
limitations (Holden et al., 2013). This often necessitate intensive operator 
training which is costly; 
 Decision-makers not adequately factoring-in human factors in the value chain 
(Joe et al., 2015); 
 Not adequately considering workload management during the design (Borsos et 
al., 2015). 
Hourlier & Suhir (2014)  conclude that if the design of a system starts with an 
understanding of the strengths and limitations of the operators, the resulting system 
will be able to keep the operators in-the-loop at all times during operations. The 
authors further notes that a design that intuitively considers human factors generally 
reduces training requirements. This observation is supported by Adam & Barnes 
(1998) who in the addition of modern technologies to classic aircraft, concluded that 
organic top-down approach does not work when it comes to HF consideration, but 
rather a mixture of top-down and bottom-up, where designers also receive input from 
the pilots as the operators of the aircraft as a more effective approach (Adam & 
Barnes, 1998).  
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As important as HF consideration is to systems development, many researchers still 
list lack of operator input as the major source of human-induced errors in system 
operations. The problem statement thus reads as follows: 
Inadequate human consideration during systems design is at least in part 
responsible for human errors that occur during systems deployment. 
 
1.3 Human Factors Contribution in the Nuclear Industry  
 
Human operators play a key role in the safe and efficient running of many 
operations, particularly for safety-critical industries such as nuclear. However, as 
noted by Muir & Moray (1996), human intervention does not always yield desired 
outcomes.  Errors as a result of human activity are identified as a major concern in 
the operation of nuclear operations. This is more so since the Three Mile Island 
(TMI) accident mentioned earlier (Lee et al., 2007). This concern is alive even 
though the number of accidents reported in nuclear has not been many.  
A study conducted by Korea Atomic Energy Institute (KAERI) concluded that efforts 
to reduce human error in the nuclear industry are failing (Lee et al., 2007). They 
attributed this failure to the following:  
 Data used in the human factors research in the nuclear industry is often derived 
from other fields such as aviation, safety management and process control (Lee 
et al., 2007; Joe et al., 2015); 
 Task analysis in most cases is not adequately done (Lee et al., 2007);  
 Human factors in most nuclear institutions is handled as a matter of common 
sense (Lee et al., 2007);  
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 Human factors consideration in the nuclear industry imposes special design 
requirements (Joe at al., 2015). 
A concern of Rasmussen (2003) is that information concerning human errors in 
systems operations tends to be subjective. That is, it is based on what the analyst 
wants to apportion the blame to. This makes it difficult to elicit lessons from an 
incident to prevent similar incidents from happening in future. Joe et al., (2015) who 
observed that decision-makers find it hard to factor-in human factors in the value 
chain echo this difficulty. 
Based on the studies reviewed, it is evident that more studies about human factors 
particularly in the safety-critical institutions like that of nuclear are needed. It is also 
evident that data concerning human factors must be dealt with cautiously to mitigate 
possible bias of the analysts. However, the researcher believes that if there is a 
proper understanding of the process undertaken to elicit human factors, the 
information derived can be useful to the automation developers.  
 
1.4 Research Objectives 
 
Human factors consideration is one of the key inputs in the systems design process 
(Huo et al., 2009).  The management of this design process forms part of the overall 
engineering management (EM) of the system and has a direct impact on the quality 
and the lifespan costs of the resulting system (Yu et al., 2011). As noted by Mlangeni 
& Telukdarie (2018), the principal aim of EM is to ensure the needs of the consumer 
which in this case is the operator are met. 
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It is the objective of this study to identify important human factors that designers 
ought to consider in the automation design of safety-critical nuclear installation. This 
is consistent with the above principle of EM of ensuring the needs of the operator are 
met. The objectives of this research are as follows: 
 Identify important human factors that must be considered in automation design 
of the safety-critical installation; 
 Consider the importance of human factors contribution to the success of 
automated process; 
 Interrogate the influence of the levels of automation on the human operator. 
This study will culminate in the identification of important human factors that would 
contribute to the safe and efficient operation of the nuclear installation. This study will 
contribute the African experience to the already existing body of knowledge in 
human factors consideration in systems design. 
 
1.5 Research Questions 
 
Various methods or statistical techniques such as Technique for Human Error Rate 
Prediction (THERP) are available in literature to assess the reliability of human 
operators (Swain & Guttman, 1983). However, these methods or techniques do not 
always accurately predict the behaviour of humans (Boy & Guy, 2014). In this study, 
the researcher intends to identify important human factors that could enhance the 
probability of successful implementation of automation of the safety-critical nuclear 
installation. This will be achieved by answering the following research questions:   
RQ 1 : What are the critical human factors that must be considered in the 
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automation design of a safety-critical nuclear process? 
RQ 2 : Why is human factors consideration important in the automation 
design? 
RQ 3 : How can human factors be best implemented in the automation 
design? 
RQ 4 : What is the appropriate level of automation that must be adopted in 
the nuclear installation? 
 
The aim of the first research question (RQ1) is to elicit factors that operators deem 
important in the safe operation of the nuclear installation based on operational 
experience. These factors can then be compared with those found in literature.  
The second question (RQ2) seeks to evaluate how the design team assesses the 
operator input. The third question (RQ3) aims to ascertain the sets of skills required 
to operate automated process. Based on the findings from the three questions, the 
appropriate level of automation can be determined (RQ4). 
The next section seeks to clarify the limitation of this research. 
 
1.6 Limitations of the Research 
 
The case study in this research is based on the operational experience of Nuclear 
Technology Products (NTP) which is a State Owned Company (SOC). As this is a 
nuclear institution, some information is governed by a high level of regulation. 
Consequently, most of the information will be based on other safety-critical fields. 
This approach is adopted, as there is a high level of commonality in the application 
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of human factors in safety-critical industries. The data that will be derived might show 
a certain level of bias due to factors such as organizational culture and the general 
attitude of the population sample.  
The next section seeks to clarify the process followed to answer the research 
questions. 
 
1.7 Layout of the Research 
 
The research has adopted a structured approach to problem solving illustrated in 
Figure1. The process begins with the identification of the problem and the 
development of the research proposal. The research proposal is followed by 
literature study which constitutes Chapters 2 and Chapter 3 of the research. The aim 
is to investigate what are the important human factors that must be considered in the 
automation of safety-critical nuclear installation. Chapter 3 outlines the methodology 
that will be used to gather information. The process entails justifying the use of a 
case study method. Chapter 4 gathers data from the chosen sample of the 
population. The chapter will then analyse the data and derive a conclusion. The last 
chapter recommends the critical human factors that must be considered during the 
automation process. The chapter will also recommend the appropriate level of 
automation for the safety-critical installation. Conclusion of the study is then derived.  
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Problem Statement
Research Proposal
Human Factor
Chapter 2
Research 
Methodology
Chapter 3
Data Collection
Data Analysis
 and 
Interpretation
Conclusion
 
Figure 1: Research Methods (Zikmund, Babin, Carr & Griffin, 2012) 
 
1.8 Conclusion   
 
Automation is considered as an advanced way of maintaining control of processes. 
This is more so in safety-critical industries where mistakes can be catastrophic. 
However, trends of automation across industries indicate a greater need for human 
operator consideration. This consideration is more important in early systems 
development when changes are considerably less expensive. Determining human 
operator requirements requires a well thought process that will ensure the outcome 
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is not only technically possible but will not affect negatively on other processes 
requirements. 
Chapter 2 will investigate the importance of human factors and how it can be 
factored into automation design.  
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CHAPTER 2: THEORY AND LITERATURE STUDY 
 
In Chapter 1, the concept of human factors in the automation was introduced. It is 
therefore the aim of this chapter to survey information related to human factors in 
automated systems. The researcher intends to achieve that by examining the nature 
and importance of automation; exploring the relation between automation failure and 
human operator; identifying the key considerations in terms of human factors 
requirements in automation; and analysing how best to incorporate the consideration 
of these human factors into automation development. The aim is to ensure what 
D’Addona et al., (2018) termed “well-being bowl”, which is based on overall 
consideration of the automated system, including cognitive and physical well-being 
of the operator, is considered.   
 
2.1. Automation 
 
Advances in technology have made it possible for tasks that were traditionally 
allocated to human operators to be performed fully or partially by machines (Vagia et 
al., 2016). This technology has evolved to become an integral support to many 
operations and indeed has inspired conceptions of our world in which all tasks are 
executed by machines (Fereidunian et al., 2010). One such technology intervention 
is the deployment of automation in systems operations.  
Reasons for adopting automation are found to be mostly industry specific. They 
include among others, regulatory requirements, environmental consideration, user 
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consideration as well as product quality requirements. As already stated, automation 
in this study will be dealt within the context of user requirements. Rusnock & 
Borghetti (2016), note that an effective system performance relies on the effective 
interaction of all the subsystems. An example of such interaction is illustrated in 
Figure 2. 
 
Person
TasksEquipment/ Technology
 
Figure 2: Automated System Interaction (Koshti & Joshi, 2007) 
 
As illustrated in Figure 2, human operators’ consideration should be central in 
technologically based systems and therefore they must be considered as one of the 
sub-systems that comprise the overall system. Thus, understanding the human 
requirements in automation is important, particularly the causes of human-related 
failures.  
According to Lee et al., (2014) automation is adopted to reduce possible human 
errors and improve systems performance particularly in safety-critical industries. 
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However, literature indicates that the advantages of automation do not always 
materialize as envisaged. This makes it imperative for the question to be asked of 
how to most effectively implement automation such that human operators fully 
benefit from the technology. The researcher intends to answer this question by 
interrogating some of the causes of automation failures related to human factors as 
well as exploring some of the possible benefits of automation.  
The next section will define automation. 
 
2.1.1 Defining Automation 
 
Literature provides many definitions of automation, which are equally relevant. Kaber 
& Riley (1999), for example, defines automation as “the intelligent management of a 
system using appropriate technology such that its operations can occur without 
direct human intervention”. Sheridan (2002) offers the alternative definition of “the 
mechanization and integration of the sensing of environmental variables, processing 
and making a decision by the computer and executing the decision”. Although there 
is considerable consensus, slight variation can be discerned in the emphasis of 
these definitions and indeed that of Patodiya & Singh (2018) which describes 
automation as “the creation and application of technology to monitor and control the 
production and delivery of products and services”. Indeed elements of each of these 
descriptions can be perceived in the most comprehensive definition of automation as 
“the use of the set technologies and automatic control devices resulting in control of 
processes with less human interventions. The expected result is the product or 
service of better quality than that could have been achieved manually” (Electrical 
Technology, 2015). 
Human factors consideration in the automation design of a safety-critical installation 
 
Literature Study  Page 14 
Despite these evident resonances, a distinction is made between the four definitions. 
Riley’s definition of automation lacks the role of the operator in an automated 
process. This observation is applicable to the definitions by Sheridan as well as 
Patodiya & Singh. The definition by Electrical Technology encompasses all aspects 
of an automated system. This includes the reason for adopting automation, as well 
as the role of the operator in such a system. The definition does not take an “all or 
none” approach but rather recognise the diminished role of the human operator in an 
automated system.  The study will thus adopt the definition by Electrical Technology 
and phrase it as follows: 
Automation is an approach, technique or a method of operating or controlling 
processes through the use of technology so as to minimize human intervention.  
The benefits of this definition are that it includes the notion of physically executing a 
task, which in turn subsumes a number of functions such as data collection, and 
processing, decision making and of course task implementation. A clear distinction is 
made in this study between automation and autonomy. Whilst automation is defined 
above, autonomy is described as the “ability of the system to make its own decision 
and execute that decision without intervention of the external agent which in this 
case is the operator” (Albus & Antsaklis, 1998). This distinction is important in this 
study. Thus, the focus here is on automation, which is characterised by a certain 
level of human intervention. 
Automation is elaborated on in the next section. 
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2.1.2 Understanding Automation 
 
To implement automation, an understanding of how the various components of the 
automated system interact is necessary. This includes how the input signal from the 
operator is transmitted to the system and the resulting output is received. The 
process is best illustrated in Figure 3: 
 
Human Machine 
Interface
Real World 
Process to be 
Controlled
Programmable 
Logic Controller
 
Figure 3: Overview of PLC-Based Automation (Koshti & Joshi, 2007) 
 
The understanding of this automation has evolved from a simple two-level approach 
of manual and total automation to a more complex approach that combines the two. 
Lee & Jeaong (2006) broadly explain this combination such that systematic 
automation is based on the operator assuming the monitoring role to ensure the 
system is performing as it is supposed to. In such a system, an operator is aware of 
the situation and may intervene if necessary. 
Cognitive automation, on the other hand, is based on the same principles as 
systematic automation with the exception being the ability of the system to self-
monitor and self-correct if necessary (Schulte, 2002; Fasth, 2012). The decision to 
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adopt either of the automation types is influenced by human consideration, among 
other considerations.  In this study, the focus will be on the systematic automation, 
which will herein be referred to simply as automation henceforth. The detailed levels 
of this type of automation which are based on human interventions, include manual 
operation in which the operator performs all the functions; operation by consent, in 
which the operator monitors all actions and approves automatic steps; operation by 
exception in which the operator intervenes only when it is necessary; and finally 
autonomous operation, were the operator can only observe (O’Hara, 2012, Fasth, 
2012). 
The above automation levels according to Endsley & Kaber, (1999), are based on 
the four key steps of task execution: monitoring of the screen; options generation; 
one optimal option selection and; option execution. Parasuraman et al., (2000) takes 
an information-based approach to explaining the above task execution in an 
automated system. According to the authors, task execution can be split between 
information acquisition, information analysis, decision, selection, and 
implementation.   
The above approaches are merely semantics. It must be noted that execution of any 
of the steps can be done either automatically or manually (Parasuraman, Sheridan 
and Wickens, 2000). Based on Endsley & Kaber’s (1999) observation and supported 
by Parasuraman et al., (2000), the adoption of an optimal automation level is critical 
in enabling an ideal state of the operator workload. A combination of knowledge 
ranging from different engineering disciplines to human operators is vital in this 
regard. Also important in this study, is the experience gained when the operations 
were conducted manually. Automation level and operator workload are dealt with 
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later in the chapter. 
The next section will outline some of the benefits of automation. 
 
2.1.3 Benefits of Adopting Automation  
 
Numerous benefits accrue from the adoption of automation across the industries, 
principally around safety and productivity. In terms of productivity, Martin-Soberon 
(2014) and Hollnagel (2003) focus on improvements in operational performance as 
well as economic benefits, Konovalov (2016) notes the decrease in physical and 
cognitive workload while Haight & Kecojevic (2005) points out the mechanical 
consistency that humans cannot always achieve. Lee et al., (2014), highlights safety 
concerns in terms of reductions in human exposure to radiation and Wickens et al, 
(2004) who notes the potential deployment of automation in areas inaccessible to 
humans. The stated benefits are captured by Heinrich et al (2017) in Figure 4.  
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Figure 4: Benefits of Automation (Heinrich et al., 2017) 
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All these benefits are the basis for the adoption of automation by the nuclear 
institution operator. However, it seems very unlikely that the stated benefits will 
always be realised as anticipated (Parasuraman & Riley, 1997). Reasons such as 
lack of adequate consideration of human operator during the design and lack of 
comprehensive operator training are stated as some of the underlying causes of 
automation failure. These according to Wiener (1989) may result in much greater 
problems than the traditional manual operation. 
The next section highlights the reasons some automation benefits do not materialise 
as planned. The focus in this regard will be on the failures related to human 
operators. 
 
2.1.4 Automation Failures Related to Human Activities 
 
The US Department of Defence (DoD) devised a criterion in relation to automation 
design and adoption that, given the nature of the business seem unsurprisingly 
focused on creating safety checks and enhancing functionality. These include 
predictability, the creation of options for the operator, a built-in operator error 
minimization function and a manual override (DoD, 1999).  
Leveson & Turner (1993) defines failure as “an event in-which the exhibited 
behaviour of the system is inconsistent with the expectation as defined in the 
requirements specification” (Leveson & Turner, 1993). It is also important to note that 
a series of steps may fail to yield desired results because of the execution or 
because the plan itself was inadequate.  
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A comprehensive body of knowledge regarding automation failure is available in the 
literature. However, as noted by Lee et al., (2014) the bulk of the knowledge focuses 
on aspects such as automation rate and technological shift, which are limiting. The 
author is supported by Glussich & Histon (2010) who in their investigation of the 
causal connections between human-automation interaction in aviation accidents, 
concluded that technological advance has shifted the causes of accidents from 
technological failure to that of human failure (Glussich & Histon,2010). This 
observation is consistent with the view that automation hardly fails but behaves as 
designed (Billings, 1996). Failure of automation can almost always be attributed to 
human behaviour (Endsley & Kiris, 1997). 
Research on automation failure because of human action is on-going. To date, 
human shortcomings in cognition and perception, including limited situational 
awareness and complacency have been identified as the causal antecedents to 
failures (Wickens et al., 2004). Ting et al., (2008) attributes failure in automated 
systems to “clumsy technological” advances that do not adequately consider task 
allocation between human operators and machines. In remedying this, Geiselman et 
al., (2013) propose that automation projects must focus on creating effective 
partnerships between humans and machines. Ross (2009) supported by 
Parasuraman & Manzey (2010) notes that poorly designed automation has potential 
to confuse operators and cause accidents. As noted by Hollnagel (1999), “the idea 
that technology can be introduced as a simple substitution of humans by machines 
while preserving the basic system and improving the output, is a fallacy”. 
 Automation as noted by Hawley (2007) and Lee & Seppelt (2009) introduces 
different feedback from that operators would usually receive and as such introduces 
different types of errors. In addition, as noted by Rasmussen & Rouse (1981) a good 
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system design will take into consideration strengths and weaknesses of both human 
and machine and avoid instances where such weaknesses can be exposed.  
The next section will consider the human aspect in automation.  
 
2.2. Human Factors  
 
The strategy of human factors consideration in the design of automated system has 
moved from “leftover allocation” whereby engineers automated all they could 
(Chapanis, 1970) and leaving the rest to human operators (Daouk, 2000) to that of 
inclusive approach. One reason for this, according to Park (2011) is that human 
operators play a crucial role in the operation of safety-critical systems. This point was 
also realized by Frohm et al., (2003) who noted that even in the most advanced 
system, human intervention is needed to fail-proof such system. Their role is largely 
based on cognitive abilities such as monitoring, situation assessment, planning and 
implementation (Lee et al., 2008). However, humans require a considerable amount 
of time to perform complex tasks that require their cognitive abilities.  
The benefits of automation have already been stated in the previous section. 
However, as noted by Naghdali (2014) the technological advance has merely shifted 
the location of the interface between the operator and the process. This 
advancement has allowed human operators to assume the role of supervisor with 
the machine providing high-level technical support (Johannsen, 2009; Naghdali, 
2014). However, as noted by Warm et al., (2008), this has not stopped failures as a 
result of human actions. This study will explore the causes of these failures by 
analysing the role of humans in automated systems particularly where these roles 
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lead to failure, with a view to delineating some of the benefits of human 
consideration in automation design.  
The next section will define human factors. 
 
2.2.1 Human Factors Defined 
 
There are several definitions of human factors available in literature and, perhaps in 
part due to the significance and applications of the field, associations and agencies 
rather than academics provide many. For example, the International Ergonomics 
Association (IEA) defines human factors as “the scientific field that applies 
behavioural science, engineering and many other scientific fields to develop the 
principles that helps to ensure that systems are usable to humans” (2012). More 
succinctly, the Human Factors and Ergonomics Society (HFES) define human 
factors as “the integration between ergonomics, usability and human-computer 
interaction” (2016). Another sector in which human factors is important is the aviation 
industry. The Federal Aviation Agency (FAA) (2017) defines human factors as “a 
multidisciplinary effort to generate and compile information about human capabilities 
and limitations and apply that information to the design of equipment, systems, 
facilities, procedures, jobs environments, training, staffing, and personnel 
management for the safe, comfortable, and effective human performance” (Hawkins, 
2017). 
The distinctions between these three definitions reflect the purposes for which they 
were devised. The IEA definition is generic and as such takes a holistic view of 
human factors by outlining examples of the fields involved. HFES takes a more 
focused approach by specifying the interaction between humans and the system, 
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which in this case is the computer. The last definition by FAA outlines the various 
fields within aviation involving human factor. As the most comprehensive, the study 
will adopt the definition provided by Federal Aviation Agency and adjust it 
accordingly. Consequently, for the purposes of this study, the definition reads as 
follows:  
“Human factor is a multidisciplinary effort to generate and compile information about 
human capabilities and limitations and apply that information to the design of 
automation of nuclear installations for safe, comfortable and effective human 
operator performance”. This definition is well captured by Stanton (1996) in Figure 5. 
 
Psychology
Human
 Factor
Engineering
 
Figure 5: Human Factors Interactions (Stanton, 1996) 
 
 
Human factors as illustrated in the figure is based on satisfying both technical 
(engineering) and psychological requirements just to consider a few. In reality, many 
other fields are considered. 
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The next section will outline the importance of human factor consideration in 
automation design. 
 
2.2.2 Benefits of Human Factors Consideration in Automation Design   
 
Application of human factors techniques in the design of nuclear systems has over 
the years moved from a “useful supplement” to a mandatory regulatory requirement 
that is enforceable by the International Atomic Energy Agency (IAEA) (Manrique et 
al., 2008; O’Hara et al., 2002). It forms one of the important layers of the defense-in-
depth (DiD) principle applied widely in the design of nuclear systems to ensure 
systems integrity (O’Hara et al., 2002).  
In automated systems, the benefits of human factors consideration as experienced 
across industries include the following: the reduction of human error, reduction in 
training requirements and life cycle risk of the system as well as concomitant 
improvements in operator performance and safety (Manrique et al., 2008; Leva, 
2014). Other benefits of systems developed with human operator in mind are 
illustrated in Figure 6. 
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Figure 6: Benefits of Human Factor Consideration (James Cannan & Hu, 2011) 
 
As noted in the figure, benefits of human factors consideration are far-reaching and 
wide. They are not only limited to safety and operations but include cognitive 
benefits. These benefits were demonstrated by among others Cockshell & Hanna 
(2006) in the deployment of technologies by the Australian Defence Force. They 
experienced improved systems performance when human factors were considered 
during the design (Cockshell & Hanna, 2006). In a different study, the US Air Force 
demonstrated the cost benefits of human factors consideration in the research and 
deployment of technological systems (US Air Force, 2009). According to the study 
human factors accounted for only 2 – 4.2 % of the acquisition costs but the return on 
investment was in the range of 40 – 60%. This statistic demonstrated impressive 
returns on investment of human factors. However, as noted in the first chapter, 
human error does occur even in the most advanced automated systems.  
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The next section looks at human error as related to automated systems.  
 
2.2.3 Human Error  
 
Endsley (1994), reports that errors as a result of human actions account for as much 
as 88% of industrial accidents. Isaac et al., (2002) estimated it slightly lower at 85% 
support this statement. This type of statistic is however, rejected by Shorrock (2013) 
who is supported by Dekker (2017) in this assertion; the latter termed it a narrow 
approach to accident investigation, while the former considers relegating accidents 
to just human error as reductive. 
 Reason (1997) terms human error as the “consequence not the cause”. In a later 
study, Reason (2000) suggested human error must be viewed from both human and 
systems perspective. Lutzhoft & Dekker (2002) supported by earlier work by 
Rasmussen (1999) suggested human error must be studied with the aim of 
understanding why it happened not to apportion the blame.  
Despite the difference in opinions on the description of errors as a result of human 
action, human error continues to occur. Different studies have been done to that 
effect to identify the causes particularly as technology continues to improve. A study 
by Murray & Martin (2012), found that the majority of human errors in automated 
systems could be attributed to lack of situation awareness (SA) or more generally, 
lack of cognitive awareness of the operator. This conclusion is supported by many 
others including O’Hara et al., (2002). The author attributes accidents to Three Mile 
Island and Chernobyl mentioned earlier to limited SA. Consequently, this paper aims 
to suggest solutions to the problem of how automation of systems can be designed 
such that human errors are reduced or even eliminated. 
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Instructive in the search for this solution, Dekker (2017) notes that it should be 
possible to eliminate human errors by designing systems according to human 
requirements. This is consistent with the observation by Ting et al., (2008) 
mentioned earlier of technological advances that is clumsy. However, as noted by 
Haight (2005), as well as Plant & Stanton (2012), human error in the operation of 
complex systems is inevitable and it will happen at least once in the lifespan of the 
system.  
Understanding how human error arises and propagates is at the heart of solving this 
problem in automation design. Shappell & Wiegmann (2003) attributes human error 
to unsafe acts by the operators. Illustration of such errors is captured by Reason 
(1994) in Figure 7.  
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Figure 7: Human Error Types (Reason, 1994) 
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Shappell & Wiegmann (2003) categorised unsafe acts according to the three groups, 
which correspond to different stages of decision-making and subsequent action. 
Initially then, there are perceptual errors, which define mistakes stemming from the 
inaccurate apprehension of reality; next are decision-based errors, which category 
subsumes conscious decisions carried out as intendant; finally skills-based errors 
are made from a position of complacency which may be derived from a misplaced 
confidence in experience. Apart from errors, Chen & Yu (2018), based on Reason’s 
(1990) study, notes system violation as another example of unsafe acts that can 
cause human error. This error, according to the author, represents a wilful act by the 
operator illustrated in Figure 7 as intended action. 
To analyse human error and develop a solution, Hollnagel (1998) believes in the use 
of the model. An example of such a model was created by Peng-cheng et al., (2016) 
to represent situation awareness of the operator. The resulting model is illustrated in 
Figure 8.  
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Figure 8: Situation Analysis Model (Peng-cheng et al, 2016) 
 
By considering organizational factors such as culture in situation analysis, the model 
implies broader factors must be considered when analysing human error in 
automation design. These factors might not always be readily known hence a deeper 
analysis must be made beforehand. The model also illustrates the process of 
recovering from an error. Failure to achieve this, may lead to undesirable events 
such as accidents as illustrated in Figure 8. This approach is, however, complicated 
and may lead to many possibilities without necessarily pointing to the correct 
solution.  
Another approach to reduce possible human error in the operation of the nuclear 
power plant (NPP) was developed by Park et al., (2016). It is based on a systematic 
framework to calculate human error probability (HEP) based on experience. The 
formula applied is illustrated below: 
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Human Error Probability of i Task Type = mi x ni 
Where mi represents the observed human errors and ni represents the number of opportunities to 
perform i type of task. 
 
The calculation relies on the accuracy of the results of the past investigations of 
incidents. This information however, might not always be available or yield an 
accurate picture. The use of this experience is nevertheless supported by Johnson et 
al., (2005) who notes that although knowledge and experience may be instrumental 
in reducing accidents based on human error, the confidence that springs from these 
factors can also act to undermine the implementation of new strategies. Overall, the 
use of this formula can be viewed as a simplistic approach to HEP prediction. In 
reality many methods are employed concurrently to give a detailed HEP.  
In summary, prevention of human error seems impossible, but systems that are 
inherently designed with human-machine interaction in-mind can to a certain level be 
resistant to human errors. Such systems will offer an opportunity to recover when 
such human error does occur. The next section deals with the factors that affect 
human-machine interaction. 
 
2.3 Human-Machine Interaction 
 
Human operators communicate or interact with machines in an automated process 
through the human-machine interface (HMI) (Guastello, 2006; Jason et al., 2014). 
Johannsen (1990) defines Human-Machine Interface as “the real-time interaction 
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between human operator and the machine”. This HMI is critical as it gives the state 
of the system or process at any given moment (Schmid & Collis, 1999, O'Connor 
et al., 2008). A study conducted by the Korean Nuclear Power Producer found that 
human errors dealt with earlier, can be attributed in-part to the operator been 
unfamiliar with the HMI (Brune & Weinstein, 1980). An example of such HMI based 
on Balfe et al., (2015) information-based approach to automation stated earlier is 
illustrated in Figure 9.  
 
Figure 9: Human-Machine Interaction (Razzaq & MA Qureshi, 2017) 
 
This human-machine communication is based on information feedback approach 
stated earlier. Command from the operator is received by the sensors and converted 
to the appropriate language by the actuators before being executed. All this happens 
at a great speed and at times in parallel. Operational sequence diagram (OSD) is 
one of the models that can be used to capture the flow of information between 
humans and machines illustrated in Figure 9 (Blanchard & Fabrycky, 2006). 
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Design strategies, such as human-centred design (HCD) are some of the methods 
that can be used to facilitate both human requirements as well as systems’ technical 
requirements during the design process (Sheridan, 2002).  This HCD differs from the 
traditional technology design approaches such as the techno-centric approach, 
which is more focused on achieving technology-based solutions without adequately 
considering the human aspect (Martin et al, 1991).  The underlining principle of HCD 
according to Sheridan (2006) is to “allocate human tasks best suited to humans and 
allocating to the machine tasks best suited to the machine”.  
There are numerous HF considerations, which, if taken into account, can improve 
the efficacy of HMI design.  Systems designers can develop a useful and instructive 
picture of working conditions through considering the following critical HF’s 
(Marinković, & Drenovac, 2015):  
 Complacency associated with performing routine tasks; 
 Fatigue due to working extended hours;  
 Stress due to poor instructions or inadequate training;  
 Poor communication between human operators and machines as well as human 
to human communication. 
According to Vivek & Sangeeta (2007), these critical HF’s can be accommodated 
once roles are unambiguously defined to create a clear distinction between human 
and machine functions such that an adequate response is generated to each 
challenge. According to Idris et al., (2016), each function must be characterised by 
behavioural requirements needed to perform a task by considering the required 
skills, rules to follow and knowledge needed. These functional requirements are 
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elaborated in the next section by focusing on the task allocation and automation 
level. 
The next section will provide analysis of functional requirements, task allocation, 
levels of automation, adaptive automation and safety interlocks in relation to human 
and machine interactions. 
 
2.3.1 Functional Requirements  Analysis 
The first question to ask in functional requirements analysis (FRA) of the automated 
system is; which functions are to be allocated to human operators and which tasks 
are to be automated. This question according to NUREG-0711 standard is meant to 
elicit high-level functions of the system.  
In the design of safety-critical systems like that of nuclear, the functions are broadly 
classified as either safety-related or non-safety related (Manrique et al., 2008). 
Based on IAEA safety standard, (No. NS-R-1, 2000), the objective of safety-related 
functions are to ensure the radiation exposure of the operators and the external 
environment is kept to a level as-low-as-reasonably-achievable (ALARA). According 
to Seong et al., (2013) and many others, safety-critical functions should as much as 
possible be automated. Literature points to the unpredictable nature of humans as 
the reason for automation of safety-critical functions. 
 Coupled with non-safety related functions, it is suggested that all functions must be 
assigned through a top-down approach and broken into tasks, which can then be 
allocated, to humans and machines (O’Hara et al., 2002). This might seem 
contradictory to the earlier human factor-based approach of bottom-up; however, in 
this case it is the breaking down of tasks. 
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The next section deals with task allocation in an automated system. 
 
2.3.2 Task Allocation in Automation 
Building on from the functional requirements analysis, the next step is deciding which 
tasks to automate and up to what level (Inagaki, 2003), and which tasks must be 
allocated to human operators. As noted by many researchers, it might be tempting to 
automate as much as possible, however, there is also a general agreement towards 
intermediate automation that is based on ensuring safety at an acceptable level 
(Lorentz et al., 2002; Miller & Parasuraman, 2007; Manzey et al., 2008). In nuclear, 
the overlying criterion is to reduce the possibility of human error as much as possible 
as well as adhering to ALARA principles of radiation exposure mentioned in the 
previous section (NS-R-1, IAEA, Vienna, 2000). The more complicated question is 
deciding whether static or dynamic TA is to be considered. To simplify this study, this 
section will only consider static TA. Dynamic TA will be explored under adaptive 
automation, which will be dealt with later in the chapter. 
 Initially developed by Fitts (1951), the MABA-MABA (Men-Are-Better-At or Machine-
Are-Better-At) list is one of earliest task allocation (TA) frameworks developed for 
automation design. Further studies have been done in this regard by researchers 
such as Meister (1987). The framework suggests systems designers must develop a 
list of possible allocations and rank them according to different combinations 
(Meister, 1987).  Dekker & Woods (2002) differs from this type of approach, as it 
considers quantitative data rather than qualitative data as the basis of automation. 
Further disagreement between the researchers centres on perceptions of the 
approach being based on false assumptions of the fixed strengths of humans and 
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machines, which is not always the case (Rouse, 1994). The approach is, however, 
ideal for laboratory settings where conditions are easily manipulated.  
This TA in the automation design must be done cognisant of human operator 
capabilities, the available support as well as both the safety and economic 
implications of allocating tasks to either humans or machines (Manrique et al, 2008). 
Even a comprehensive evaluation of these considerations is unlikely to generate an 
infallible system as no clear systematic approach will yield consistent results at all 
the times (Older et al., 1997). However, the best possible solution must always be 
sought.  
The literature in the field of TA supports allocating tasks to humans, which, due to 
their unpredictable nature, are non-critical, (Frohm et al., 2003) and complex as well 
as non-routine (Meister, 1999). Conversely, machines are optimally deployed on 
routine tasks to yield consistent results (Onnasch et al., 2014, Idris et al., 2016).  
According to Romero et al., (2016), the primary focus of TA in automation design 
must be to achieve a balance between cognitive workload and the physical 
requirements of the task. Endsley (1997) who notes that unintended consequences 
such as deskilling might arise if such balance is not achieved supports this sort of 
conclusion. 
 Cognitive workload and physical requirements of the tasks are elaborated below. 
a. Cognitive Workload Consideration 
 
Rather than blaming the cognitive capabilities of the operators to follow the logic of 
automated process, designers ought to understand the cognitive workload (CWL) 
requirements of each task. Wickens & Hollands (2000) refers to CWL as the 
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information processing demand of the task. As noted by Reason’s (1987) in the 
analysis of the Chernobyl accident, the cognitive difficulty of managing complex 
systems can result in accidents. Neerincx, et al., (2003) described three factors as 
affecting CWL, namely: time, task-set switches and the level of information 
processing. The relationship is illustrated in Figure 10. 
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Figure 10: Task Load Model (Neerincx, 2003) 
 
The author describes ‘Time Occupied’ as the percentage of time required completing 
the task. According Neerincx et al., (2009) the longer it takes to complete the task, 
the more it will increase CWL of the operator as more information arrives, which may 
negatively affect performance. ‘Task-set Switches’ is described to as the number of 
times the operator has to switch between different tasks. Humans have a limited 
ability to process multiple information sources at the same time. ‘Level of Information 
Processing’ refers to the skills required, rules to be followed and the knowledge 
required in what Rasmussen’s (1983) framework referred to as the skill-rule-
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knowledge framework cited extensively in the study of human behaviour and error 
propagation. Embrey (2005) lists this framework as key in considering the CWL of 
the operator in the interface design.  
Of importance in the figure are the four regions, namely: underload, overload, 
cognitive lock-up and the vigilance regions. Firstly, the underload region is 
characterised by all the three listed factors being low. According to Schulte et al., 
(2015), this may lead to boredom. Secondly, is the cognitive lock-up region where 
the percentage time occupied is high, the level of information processing (LIP) is 
relatively high and the number of task switches is high. In this region, the operator 
might not be comfortable in switching between tasks. Thirdly is the overload region, 
all the three variables are high. In this region, operators are more likely to commit 
errors.  
In the middle is the operators’ optimal workload region where the operator is most 
comfortable working at. Both the three listed factors (time, task-set switches and 
level of information processing) are moderate. According to Neerincx, (2003) 
systems designers must aim to attain this level in their designs. This assertion is also 
true in the determining of the level of automation in this study. As noted by Kantowitz 
(1994), consideration of CWL must also be made of abnormal conditions for all three 
variables. 
The next section will consider physical consideration of the task on the operator. 
b. Physical Workload Consideration  
 
As already stated, the aim of automation is to reduce human operator workload and 
errors. A common problem associated with automation is the elimination of already 
simple physical tasks and replacing them with automation as already stated (Lee & 
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Seppelt, 2009). This according to the author introduces different forms of complexity 
and possible human errors. According to Lee & Seppelt (2009), the design of 
automation must anticipate failure situations where the operator has to revert to 
physical or manual operations.  
Task allocation as could be expected, influences the level of automation adopted for 
the systems operation (Frohm, 2008). This fact is interrogated further in the next 
section. 
 
2.3.3 Levels of Automation Determination 
 
Adoption of the level of automation (LoA) which Fasth (2012) defines as the 
“allocation of physical and cognitive tasks between two resources namely, humans 
and machine” is an important aspect of automation design. An example of LoA done 
by Fasth et al., (2009) is illustrated in Figure 11. 
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Figure 11: Matrix of Physical and Cognitive Levels of Automation (Fasth et al., 2009) 
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As illustrated in the figure, LoA consideration should include both cognitive and 
physical requirements of the task. These aspects were dealt with in the previous 
section. Traditionally, LoA has been viewed within manufacturing literature as a 
structural decision and human resources, governed by infrastructural decisions (Hill, 
2000; Slack & Lewis, 2002; Miltenburg, 2005). This is in contrast to a newer view, 
which is based on task sharing (Satchell, 1998). Miller & Parasuraman (2003) took 
this task sharing further and proposed that the decision to automate must be 
considered per task. According to the author this will simplify the task allocation. The 
disadvantage of this type of approach however, is that it will make the process too 
bulky. This can however, be simplified by considering only critical tasks for 
automation.  
This LoA ranges from full manual to full automation as already stated and is 
illustrated in Figure 12. These, however, represent the two extremes of systems 
control. 
  
100 % 
Automation 
Control
100  
t ati  
tr l
100 % 
Human 
Control
100  
a  
tr l
Figure 12: Human-Machine Control Spectrum (Flemisch et al., 2008) 
 
In-between the illustrated control spectrum, there are intermediaries in-which both 
humans and machines have some levels of control (Vagia et al., 2016) in what 
Parasuraman (2000) reasons as not all-or-none approach. In such cases, humans 
may monitor operations while the machine executes or machine may monitor and 
humans execute. The balancing of these is important in systems operation as too 
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much automation may result in boredom whilst too low automation may result in 
excessive workloads (Schulte et al, 2015).  
To begin the LoA determination, the designer must identify the goal of the system. 
This can be achieved by first determining what the system will do and the kind of 
interventions human operator will be required to make. This is to set up the scope for 
the LoA determination. As noted by O’Hara et al., (2002), supported by Manrique et 
al., (2008) the process must not be performed in silos but must rather encompass 
lessons learned from past experience, which in this case is the manual operation. It 
is also important to analyse the possible unintended consequences of each LoA and 
make a necessary trade-off between the benefits and the unintended consequences. 
This trade-off must consider all factors, including safety and economics.  
Literature proposes various LoA taxonomies. These include those by Sheridan and 
Verplank (1978) listed in Table1, which was later modified by the likes of Endsley 
(1987) and many others. According to Habib et al., (2016) many of the changes to 
the original LoA are based on the protocol of permission that override human 
operators and machines. 
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Table 1: Levels of Automation (Sheridan and Verplank, 1978) 
Level Explanation 
1 System offers no assistance (manual operation) 
2 System offers a complete set of decision or action alternatives 
3 System narrows down the alternatives to just a few options 
4 System offers one alternative 
5 System executes the suggestion if the operator approves 
6 System allows the operator limited time to veto the decision before it executes 
7 System only informs the operator after the fact 
8 System informs the operator only when asked  
9 System has the communication discretion  
10 System decides and acts on its own   
 
As noted in the table, the system’s intervention increases as the LoA increases. This 
is consistent with the change of level of control illustrated in Figure 12. At a lower 
LoA, the system offers the suggestion to the operator who can then implement it. As 
the LoA increases, the system may require the operator to accept the suggestion 
before the machine implements it. This, however, changes progressively as the LoA 
increases up to a level where no human intervention is necessary. There is no 
consensus within the literature regarding the role of the operator as the LoA 
increases. Billing & Woods (1994) argues for the operator of safety-critical systems 
to be the final decision-maker at all times, as they are responsible for the behaviour 
of the system. This assertion is rejected by Bailey & Scerbo (2007) who argues that 
the system must have a certain level of autonomy to overrule the operator.  
To simplify the study, LoA will only be dealt within three broad levels, namely: 
manual or low automation, semi-automation and full automation (Billings, 1997; Lin 
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et al, 2008; O’Hara & Higgins, 2010; Balfe et al. 2014). These LoA are considered 
static (Sauer et al., 2012). Semi-automation can be further split into two to allow for 
the supervision by human or machine (Clough, 2002). This is consistent with the 
conclusion by Bashiri & Mann (2014) that “depending on the task and technology 
used, it might not always be possible to define all the different LoA”.  
It is important to note that automation is defined within the four functional dimensions 
of the task as mentioned earlier, which are information acquisition, information 
analysis, decision and execution. These, however, make the process complicated as 
each step of the functional dimension can have its own LoA as stated earlier. The 
focus in this study is on the impact LoA will have on the physical and mental ability of 
the operators. 
 
a. Manual or Low Level Automation Control 
 
Manual or low-level automation control as noted by Sheridan and Verplank (1978) in 
Table 1, offers little or no assistance to the operator. It is the lowest level of control 
as the operator is only interacting with one loop without any feedback (Ogle et al., 
2008). An operator is responsible for both cognitive and physical requirements of the 
task. An example of manual operation is illustrated in Figure 13.  
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Figure 13: Manual Operation in the Hot Cell Complex (Source: NRG-Petten) 
 
As illustrated in the figure, the operators, with the aid of the ball and tong 
manipulator, are executing tasks within the hot cells. This type of approach allows for 
the operator to be consistently in-the-loop (ITL) as he or she is responsible for all 
tasks. This in turn means that the operator is able to respond to changes and is 
quicker to detect any failure (Lindstrom & Winroth, 2010; Ogle et al., 2008). The 
approach relies on operator experience, meaning that certain tasks can be 
performed much quicker than when they are performed by machines. Literature 
points out that experienced operators are able to move from manual to automated 
mode easily when such change is effected to the system (Parasuraman & Trafton, 
2006). 
Literature provides many examples of how manual operations have adverse effects 
on the human operators. Jou et al., (2009), demonstrated an example of such an 
effect in the study of performance and mental workload using the NASA Task-Load 
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Index (NASA-TLX). The experiment demonstrated that operators have the worst 
operating performance, highest mental workload and more opportunities for human 
errors in manual operations than any other control modes. The researcher attributes 
this to the physical and cognitive requirements of the tasks. This type of conclusion 
is supported by researchers such as Bommer & Fendley (2015) who concluded that 
manual operations do not only negatively affect the physical ability of operators, but 
also their mental workload (MWL) which may have adverse effect on their situation 
awareness (SA).  
Overall, as noted by Ogle et al., (2008) manual or low automation offers many 
opportunities for human error and must be eliminated as much as possible. 
However, just replacing manual control with automation does not necessarily solve 
the problem. A balanced solution must be sought. 
The next section deals with the mixed control of automation and manual control, 
termed semi-automation. 
 
b. Semi-Automation Control 
 
The reasons for adopting automation have already been outlined in the earlier 
sections. However, deciding what to automate and to what level is not always an 
easy task. This is also the case when semi-automation is implemented. In such a 
case, deciding on who will assume the supervisory role between machine and the 
operator in what Habib et al., (2016) termed partnership relationship is important. 
Sheridan (1992) called it an “all-or-none fallacy”. An example of a semi-automated 
nuclear process is illustrated in Figure 14.  
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Figure 14: Hot Cell with Master Slave Manipulators (Source: Wälischmiller GmbH, 
Germany) 
 
As illustrated in the figure, operations in the hot cell are carried out physically with 
the master manipulators at the top of the picture and automatically (computer-based 
HMI). In such a case, an operator can be responsible for the preparations and allow 
the machine to continue with the task or the operator can take instructions from the 
machine and execute the tasks manually. With either of the two options, cooperation 
is required. 
Semi-automation according to Strand & Nilsson (2014) is important for processes 
that still need to be improved. As noted by the author, it is also important for 
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processes that are complex and cannot solely be performed by machines. In such a 
case, the approach reduces the cognitive and physical requirements of the task that 
an operator has to perform.  
The overall consensus in literature is that semi-automation is optimally effective for a 
range of reasons. Firstly, the operator collaborates with the machine and is 
consequently always in-the-loop (ITL) (Bashiri & Mann, 2014). Secondly, the prior 
knowledge of the operator can be utilized in the decision-making (Lunenfeld, 1989) 
and finally, the approach reduces the mental workload of the operator and increases 
SA (Schulte et al, 2015; Yung-Tsan Jou et al., 2009). 
There are, however, drawbacks to semi-automation, which include the challenges 
human operators face in maintaining situation awareness while sharing 
responsibilities (from ITL) with the machine, particularly if their role is confined to 
monitoring (Strand et al, 2014, Sheridan, 2002). Additionally, the challenge of 
combining data from computers with observational evidence has in the past led to a 
lot of confusion (Lin et al, 2009). Separate study by Yung-Tsan Jou et al., (2009) into 
the automation of the nuclear plant control room, found operators were more 
frustrated in semi-automation than manual and full automation. 
The next section deals with full automation. 
 
c. Full Automation 
 
Full automation is characterised by the operator only observing and not intervening 
meaningfully. An example of a fully automated process in nuclear is the welding of 
iridium sources illustrated in Figure 15. 
Human factors consideration in the automation design of a safety-critical installation 
 
Literature Study  Page 46 
 
  
Figure 15: Welding Machine for 192Ir sealed Source Production (Source: Production 
KAERI, Republic of Korea) 
 
 
Again, there are advantages and drawbacks to full automation. According to Lin et 
al., (2010), full automation generally yields consistent results and decreases the 
cognitive demand of the operator. Another important advantage of full automation as 
noted by Seong et al., (2013) is its ability to self-correct before the process 
parameters could reach the alarm set-points.  
 On the other hand, the decreased workload can lead to operators disengaging from 
the process and adopting a passive role, which may effectively delay the response 
time in case of system failure or emergency (Endsley & Kiris, 1995; Bailey & Scerbo, 
2007; Lin et al, 2010). Furthermore, full automation or high LoA is generally 
associated with out-of-the-loop (OOTL) performance problems and loss of SA by the 
operators (Parasuraman et al., 2000). As concluded by Endsley & Kiris (1995), the 
adoption of full automation has the potential to induce new unanticipated human 
errors. Overall, a literature point out full automation is not always desirable. 
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The next type of LoA is adaptive automation. This type is still finding traction, 
however, it promises much better results compared to the three options discussed 
above. 
d. Adaptive Automation 
 
To reduce human operator workload, OOTL problems and many other human-
machine interaction problems, Kaber & Riley (1999) proposes the use of adaptive 
automation (AA) initially introduced by Rouse (1976). According to the authors, the 
approach is based on the dynamic allocation of tasks between the human operators 
and the machine with the machine maintaining overall control. That is, AA is based 
on operating between the control levels dealt with in the previous sections depending 
on the required performance or state of mind of the operator (Carpanzano & Jovane, 
2007). This AA is different to adaptable automation that requires manual delegation 
of the tasks to the machine by the operator (Kaber et al., 2011). According to Squire 
et al., (2006) this delegation in adaptable automation makes the human operator’s 
workload not much different to that of manual operations dealt with earlier.  
The operating principle of AA is to engage automation when either overload or 
underload is detected (May et al., 2015). A framework to this effect was proposed by 
D’Addona et al., (2018) and is illustrated in Figure 16. The aim according to the 
authors is to maintain human-in-the-loop whilst avoiding overload of the operator in 
the operation of automated system.  
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Figure 16: Adaptive Automation Framework (D’Addona et al., 2018) 
 
As illustrated in the figure, decision-making can be interchanged between human 
operators and the machine. According to Jason et al., (2014) the reason for this is 
that complexity of the tasks in the process will not be the same. The benefit of this is 
that an adequate balance of operator’s mental workload can be maintained all the 
times, therefore reducing OOTL problems.  
Several studies have found benefits to this shared responsibility of AA. Hilburn et al., 
(1997), Bailey et al., (2003) and Kaber et al., (2003), conducted such studies. Their 
findings suggest a strong correlation between AA and the improvement in situation 
awareness of the human operator.  Kaber et al., (2006), in their study of operator 
performance in AA systems, concluded that the approach overall yields positive 
results. The stated interchange in AA does eliminate human problems in automation. 
However, as noted by Wickens (2008), any form of communication with human 
operators in automated systems has the potential to induce information overload or 
underload to the operator, which may trigger human error. It would seem then that 
Human factors consideration in the automation design of a safety-critical installation 
 
Literature Study  Page 49 
adopting AA presents numerous benefits. The approach offers futuristic prospects, 
but much still has to be done for it to be a viable option in the operations of safety-
critical systems.  
Ensuring safety is one of the important issues in automation of safety-critical 
systems. This aspect of the system is dealt with in the next section by considering 
safety interlocks. 
 
2.3.4 Safety Interlocks Consideration 
Ensuring systems integrity is one of the reasons for adopting automation in the 
operations of safety-critical nuclear processes. As noted by Li et al., (2016), 
operators tend to focus more on the production process and less on the safety 
aspect. This makes it important that consideration be made of the safety and 
reliability of the process as early as during the design phase. Safety in this case will 
be dealt with in respect to system interlocking.  
System interlocking is referred to as the signalling functions by which a function is 
locked or released depending on the position or state of the other functions (Li et al., 
2016). Its main function is to protect the system from potential damage as a result of 
human error or system failure (Zheng et al., 2014). An example of advanced 
interlock method is illustrated in Figure 17. 
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Figure 17: Advanced Interlock Method (Xu et al., 2016) 
 
As illustrated in the figure, data is independently obtained by the instrumentation and 
control (I&C) systems as well as the protection system and transmitted to the display 
for the operator. This approach is an example of active redundancy. The information 
from various systems is integrated at the knowledge data base as illustrated in the 
figure before been analysed and decision taken. If there is any failure, the automatic 
safety interlock will send the list of appropriate steps to be taken by the operator 
without causing the information overload to the operator (Xu et al., 2016). This will 
inevitably reduce the cognitive workload of the operator.  
Just like the adaptive automation, a lot can still be explored with systems 
interlocking. The next section concludes the overall results of the literature study. 
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2.4 Conclusion 
 
The chapter provides an overview of human factors as related to automation. The 
importance of human factors was highlighted as well as the consequence of not 
considering them. The literature review on this subject provided a valuable 
experience within automation design. Two factors that are important in automation 
design, namely task allocation and level of automation were explored. Consideration 
of these factors can enhance the systems management. 
Based on a literature survey, it is important that a real-world case study be used for 
this study. The chosen case study would provide better insight into the importance of 
human factors and how it can be applied to reduce possibilities of human error and 
improve operational experience. The next chapter will outline the research method 
used in this study.
Human factors consideration in the automation design of a safety-critical installation 
 
Research Method Page 52 
 
CHAPTER 3: RESEARCH METHODOLOGY 
 
In Chapter 2, the benefits and the drawbacks of automation related to human 
operators were introduced. It is therefore the aim of this chapter to investigate the 
appropriate method to use in answering the research questions posed in Chapter 1. 
The study has adopted a well-structured scientific research approach that is based 
on the use of predefined procedures to examine stated questions, with a view to 
generating evidence and producing knowledge that can be extrapolated to different 
contexts.  
The chapter is divided according to the following topics: 
 Research Methodology 
 Research Methods and Data Analysis 
 Research Design  
 Conclusion 
 
3.1 Research Methodology 
Research is referred to as a systematic approach that entails clearly stating a 
problem, collecting data, analysing data and deriving a certain conclusion that may 
be generic or problem specific (Kothari, 2004; Leedy & Ormrod, 2005; 
Krishnaswamy et al.; 2006). The aim as noted by Leedy & Ormrod (2010) is to 
increase an understanding of the phenomena. 
The following words are important in understanding the definition:  
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 Systematic: Referred by the law dictionary as the methodical, repeatable and 
able to be learned approach.  
 Methodical: Refers to a distinct structure or pathway of research. As noted by 
Leedy & Ormrod (2005), research methodology directs the study. 
 Repeatable: Different researchers must be able to use the same method and 
derive similar results. 
According to Rajasekar et al., (2006) research can be broadly classified under basic 
research and applied research. The authors refer to the basic research as the means 
of explaining the phenomena without necessarily leading to immediate solution. They 
further refer to the applied research as the means of solving a problem using theory 
derived from basic research. The focus of the study is thus on solving the problem 
consistent with the applied research definition. 
Rajasekar et al., (2013) in the later study summarised research into “what” and 
“how”. The “what” part of research entails answering the question of why the 
research is necessary. According to the authors, the “how” part in research can be 
viewed in terms of research methodology and research methods. The methodology 
part is referred in terms of how research has to be carried whilst methods is referred 
in terms of all the tools the researcher employs in his/her research. As noted by the 
author, research methodology is concerned with justifying why the method used in 
the research was employed whilst research method is concerned with finding a 
solution to the problem. 
The next section deals with the approach adopted to gather data and how such data 
is to be handled. 
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3.2 Research Methods  
According to Kothari (2004), there are two main types of research methods, namely: 
qualitative and quantitative researches. According to the author, qualitative research 
is based on deriving subjective insight whilst quantitative research is more about 
mathematical expression. In other words, qualitative research is based on 
understanding the phenomena whilst quantitative research is based on quantifying 
the phenomena. General comparisons of the two methods is summarised by Morse 
(1995) in Table 2 below. 
Table 2: Comparison of Qualitative and Quantitative Research Methods (Sourced: 
Morse, 1995) 
 Qualitative  Quantitative 
General 
Framework 
 Seeks to explore phenomena 
(insight to the problem) 
 Flexible approach to 
answering questions 
 Uses semi-structured 
methods  
 Seeks to test hypotheses about 
phenomena 
 Rigid approach to answering 
questions 
 Uses highly structured methods 
Analytical 
Objectives 
 Describes variation (why and 
how) 
 Explains and describe 
relationships 
 Describes individual 
experience 
 Quantifies variation (what , where 
and when) 
 Predicts causal relationships 
 
 Describes population experience 
Question 
Format 
Open ended Close ended 
Flexibility in 
Study Design 
 Some aspects of the study 
are flexible 
 Response of the participants 
affects which questions the 
researcher asks next 
 Research questions can be 
adjusted based on the 
knowledge  
 All aspects of the study are stable 
throughout 
 Response of the participants do 
not affects which researchers ask 
next 
 
 Research questions are 
subjected to statistics 
assumptions 
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From the table, it is evident that quantitative research method gives more 
generalised information about the problem. On the other hand, qualitative research 
method gives an in-depth understanding to the problem. This observation of 
qualitative research is consistent with the traditional view that states that it is a 
formative type of evaluation whilst quantitative is a “hard” form of evaluation 
(Frechtling, 2002). An example in the context of this study would be the study of the 
operator workload. Quantitative approach will look to understand the workload whilst 
qualitative approach will look to understand why and how workload would affect 
safety. 
In addition to the two research methods above, there is a third type that combines 
the elements of both qualitative and quantitative research methods into a single 
project (Olsen, 2004; Bergman, 2008). This approach is considered a mixed 
research approach or triangulation approach.  Advantages of this type of research 
methods include the following: 
 It allows for a broader and deeper understanding of the problem (Carayon et al., 
2015); 
 It identifies the focus area with a lot more accuracy than neither qualitative and 
quantitative approaches (Gurses & Carayon , 2009); 
 The different approaches of mixed research approach eases the validation of 
results (Brewer & Hunter, 2006); 
 As noted by Bergman (2008), it is a lot easier to apply in practice. 
Advocates of this research method such as Hammersley (2002) supported by 
Johnson et al., (2005) argue that neither qualitative nor quantitative is used in its 
purest form anyway. In reality, most researchers have been using mixed research for 
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a longest of time. Example of how qualitative and quantitative research methods are 
mixed in this study is illustrated in Figure 18 below: 
 
Qualitative Quantitative QualitativeMethodology:
Data Collection Approach: Exploratory focus group Survey Personal Interview
 
Figure 18: Mixed Research Approach (Adapted from Frechtling, 2002) 
 
As illustrated in the figure, both qualitative and quantitative research methods can be 
employed in the same research project. An advantage of this type of approach was 
noted by Carayon et al., (2015) supported by McLaughli et al., (2016). They 
concluded that qualitative methods such as personal interview illustrated in the 
figure, which is open ended as stated in Table 2, could be closed off to give a more 
structured answer, which is a trait of a quantitative research approach. In addition, 
the use of quantitative research approach will yield more evidence to the phenomena 
allowing the researcher to establish more accurate results whilst offsetting the 
weakness of using only one type. As noted by Carayon et al., mixing can take place 
at any stage of the research. Examples and explanations are listed in Table 3: 
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Table 3: Mixed Research Method (Carayon et al., 2015) 
Study Design  Explanation 
Convergent parallel Concurrent collection of qualitative and quantitative data with 
mixing of results during interpretation. 
Sequential explanatory Initial collection of quantitative data followed by collection and 
analysis of qualitative data. 
Sequential exploratory Initial collection of qualitative data followed by collection and 
analysis of quantitative data. 
Embedded Additional collection of qualitative data within the primary 
quantitative design or additional collection of quantitative data 
within primary qualitative design. 
Transformative Use of mixed methods within transformative theoretical 
framework such as feminist perspective. 
Multiphase Combination of sequential and concurrent collection and 
analysis of qualitative and quantitative data over a period of time 
within a major research program. 
 
Based on the explanations in Table 2 and Table 3 as well as the above paragraphs, 
the study will adopt the sequential exploratory mixed type of research. The process 
in this research will entail the following: 
 Data Collection Methods 
Research involves collecting and analysing data and deriving certain conclusions. It 
is therefore imperative that the method of collecting data be specified. As stated in 
the previous paragraph, the mixed approach is adopted in this study. Therefore, a 
method that encompasses both qualitative and quantitative methods will be used in 
the data collection. Such method will be leaning towards qualitative research 
approach. 
 
Human factors consideration in the automation design of a safety-critical installation 
 
Research Method Page 58 
 
  Data Analysis Methods 
Data analysis will be descriptive statistical analysis and qualitative analysis. The 
quality of data gathered is crucial in answering the stated research questions. To that 
effect, sampling method employed is crucial 
 Sampling Methods 
A sample is referred by Tailor (2005) as merely a portion of the larger population and 
sampling as the process of selecting a sample. There are two broader types of 
sampling methods, namely probability and nonprobability methods (Dudovskiy, 
2016). As noted by the author, in probability sampling the whole population has 
equal chance of participating in the study whilst in nonprobability sampling a selected 
few with particular traits are selected. In this study a sample will be derived from the 
selected few from the Nuclear Technology Products (NTP) SOC which is a 
subsidiary of South African Nuclear Energy Corporation (NECSA). This is consistent 
with nonprobability definition. A detailed description is provided in the case study 
section. 
Nonprobability sampling is further classified as purposive, quota, convenience and 
snowball methods (Dudovskiy, 2016). Their explanations are listed below: 
- Purposive sampling: Sample selection is determined by the intention of the study. 
- Quota sampling: Sample selection is based on satisfying the proportional 
representation. 
- Convenience sampling: Sample selection is based on the availability of the 
respondents. 
- Snowball sampling: Sample selection is based on referral and the sampled 
population is completely unknown. 
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As the method that best encompass the objectives of this study, purposive sampling 
will be employed in this study. Therefore, the sampling method used is 
nonprobability that is purposive.  
.  
3.3 Research Design 
The research design in this study is adapted from University of Pretoria lecture notes 
cited by Phaahla (2012) and is depicted in Figure 19:  
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Figure 19: Research Design (Adapted from Phaahla, 2012) 
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Justification for the use of the case study method is delineated in the next section. 
 
3.4 Case Study Method 
The use of a case study as a scientific research method has been a contentious 
issue for a long time. Advocates and critics have come up with many reasons why 
the method is suitable and not suitable in conducting scientific research. In this 
section, the focus will be on developing an understanding of the nature of case 
study, which includes an appreciation for when it is appropriate as well as an 
understanding of its strengths and weaknesses.  
 
3.4.1. Case Study Defined 
Case study research method is defined by Yin (2009) as an in-depth empirical 
inquiry that seeks to investigate an existing real-life phenomenon, particularly when 
boundaries between a phenomenon and the context are not well defined. Woodside 
(2010) took a high-level approach and defined case study research as merely “an 
inquiry that is focused on describing, understanding and predicting an individual 
behaviour”. Similarly, Simons (2009) defined case study research as “an in-depth 
exploration from multiple perspectives of the complexity and uniqueness of a 
particular project in a real time”. A simplistic definition by Verschuren (2003) defines 
a case study as a study of a single case. 
All the definitions have the commonality of the case study being the study of an 
event or phenomenon. The difference lies in the definition by Simons that recognises 
that the case study can use more than one perspective to understand the studied 
phenomena. This difference is important as the study undertaken seeks to use a 
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mixed approach to answer the stated research questions. As such, the definition by 
Simons is adopted in this research.   
 
3.4.2. Other Research Methods 
According to Yin (2009), the purpose of research can be exploratory, descriptive and 
explanatory in its nature. As noted by Yin (1994) in an earlier study, some research 
studies can include more than one aspect; this makes the undertaken research 
pluralistic. Selection of the appropriate strategy is influenced by the research method 
and the phase of the research. 
Research methods are categorised as experiment, survey, archival analysis, 
historical analysis and case study (Yin, 1994). These methods can be employed at 
any stage of the research process. Choosing which one is related to, among other 
considerations, the research questions, control requirements and the time factor 
(Yin, 1994). How each method and strategy relates is listed in Table 4 below. 
Table 4: Choosing Research Methods (Yin, 1994) 
Method Form of research 
question 
Requires control 
over behavioural 
events? 
Focuses on 
contemporary 
events? 
Experiment How, Why Yes Yes 
 
Survey Who, What, Where, 
How many, How 
much 
 
No No 
Archival Analysis Who, What, Where, 
How many, How 
much 
 
No Yes/ No 
History How, Why 
 
No No 
Case Study How, Why No Yes 
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The research question in this study seeks to identify the important human factors 
that must be considered in automation design. In such a case, the study becomes an 
exploratory type in which any of the five methods listed in the table are applicable. 
The questions that follow seek to understand “why” human factors consideration is 
important and “how” it can be implemented. This eliminates survey and archival 
analysis, leaving experiment, history and case study as the remaining candidates.  
An experimental method does not apply as there is no behavioural observation and 
thus the remaining methods are history and case study. History is applicable to some 
extent as the past events may influence the design; however, since this study is 
focused on modern technology, a strong argument of case study method over 
historical methods prevails. This argument is consistent with the prevailing 
understanding of case study method as an example of a qualitative research method 
that searches for “meaning” and “understanding”.  
Advocates of the use of case study methods consider it the most relevant research 
method available whilst critics consider it nothing but a story-telling method. The 
arguments for the method are dealt with in the next sections. 
 
3.4.3. Strengths and Weaknesses of Case Study Methods 
The use of case study method in research has both advantages and disadvantages 
as noted in literature. One such advantage was noted by Jacobsen (2002) supported 
by Lindvall (2007) and cited by Krusenvik (2016). According to Krusenvik (2016), 
both researchers agree that the intensive nature of case study offers an in-depth 
understanding of the subject matter. However, as noted by Flyvbjerg (2006) this in-
depth knowledge from a few case studies is not sufficient to constitute a theory. This 
assertion is supported by Yin (2009) who notes that what applies to a few cannot be 
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considered to apply to the masses. Krusenvik (2016) in his review of case study 
method counters the above assertions by stating that if the case study used is 
chosen carefully, then the results obtained can be used to formulate theory. Other 
researchers such as Soy (1997) supported by Cope (2015) view the flexible nature 
of the case study method as an advantage to the researcher as it allows for the use 
of multiple data sources to solve the research problem. Yin (2009) views this 
flexibility as the lack of rigor that can allow the researcher to guide the research 
project towards a predetermined outcome. Flyvbjerg (2006) who notes that the 
approach is different, but that it does have its own form of rigor disputes this lack of 
rigor of case study stated by Yin. The former argues that rigor which is rule-based is 
a regressive form of learning and will confine research students to beginners’ level. 
Yin also notes the flexibility of case study research has the potential to violate the 
scientific research principles of non-biasness of the researcher. Flyvbjerg who states 
that bias will generally only happen if the researcher lacks experience rejects this 
assertion. 
The stated weaknesses of the case study research method do not make the method 
less important, as all the other methods also have their own weaknesses. As noted 
by Flybjeng (2006) the use of case study is valuable in deriving context-dependent 
knowledge such as that undertaken in this study. As such, case study method is 
accepted as the approach that will be used in this study. 
The next section outlines the conclusion derived from the chapter. 
 
3.5 Conclusion 
The chapter focused on how the use of the case study research method adopted in 
this study was arrived at. The process entailed an examination of its strengths and 
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weaknesses. The chapter demonstrated that the case study research approach will 
provide the researcher with an in-depth understanding of the critical human factors 
that must be considered in automation design. As the approach is widely used in the 
social sciences, its use in this research will also demonstrate that it can be used in 
science and engineering fields.  
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CHAPTER 4: CASE STUDY AND DATA GATHERING  
 
In Chapter 3, the research method employed in this study was outlined. It is 
therefore the aim of this section to describe the case study selected in this research 
as well as to gather the data.  The chapter is divided into the following: 
 Company Background 
  Data Gathering 
 Data Analysis 
 
4.1 Company Background 
As noted in Chapter 1, the aim of this research study is to investigate important 
human factors that must be considered in the automation design of a safety-critical 
nuclear facility. As such, data in this study was derived from the operators of the 
nuclear facility, Nuclear Technology Products (NTP), a state owned company (SOC) 
which is a subsidiary of South African Nuclear Energy Corporation (NECSA) SOC. 
The institution is located in Pelindaba in the Madibeng district of the North West 
province of the Republic of South Africa.  
NTP SOC is one of the four major processing facilities capable of producing 
mollybdenum-99 (Mo-99) on a large scale for the production of Technicium-99 (Tc-
99) generators worldwide (Krijger, et al., 2013). The process starts with the 
irradiation of uranium (U) target plates to form fission products (Mo-99 is the target 
product) at the South African Fundamental Atomic Research Installation-1 (SAFARI-
1) reactor for a predetermined amount of time (Allen & Manson, 2013). The chemical 
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process to extract Mo-99 then follows the irradiation. This Mo-99 decays to a 
metastable radioisotope Tc-99. Tc-99 is readily labelled to create specialised 
medical drugs generally referred to as radiopharmaceuticals (Frank, 2009; Krijger, et 
al., 2013) which are used medically for diagnostic and therapeutic procedures. 
Statistics inform the estimate of the use of Tc-99 in nuclear medicine to being as 
high as 90% (Allen & Manson; 2013). The depiction of the Mo-99/ Tc-99 process 
from the reactor up to the radio-pharmacy is illustrated in Figure 20. 
 
 
Figure 20: Mo-99/ Tc-99 Production (Allen & Manson, 2013) 
 
Mo-99 target plates are irradiated in the reactor and transported in a heavily shielded 
container to the processing facility as illustrated in the figure. One of the steps of 
target processing entails the dissolution as depicted in Figure 18. This step results in 
the build-up of dangerous hydrogen gas and many other fission gases, which, if not 
controlled, might result in an explosion (Cristini et al., 2002). It must be noted that the 
actual process is significantly more complex and is subjected to intellectual property 
restrictions.  
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In the past, the dissolution process relied on manual operations by the operator. The 
automation of this process offers safety and operational advantage. These 
advantages of automation have been dealt with in the earlier sections. As this 
automation constitutes changes to structures, systems and components, (SSC) a 
thorough study of the impact on the human operators is necessary (Joe et al., 2015). 
The aim is to ensure all aspects of human factors such as operating procedures and 
training are developed, designed and evaluated according to acceptable human 
factors principles. The study intends to achieve that by determining important human 
factors that must be considered during the design and development of this 
automation. 
The next section entails data gathering.  
 
4.2 Data Gathering Protocol 
The research instruments used comprise of interviews and questionnaires. The aim 
was to gather important human factors that must be considered in the automation 
design of the nuclear installation as already stated. Interviews were conducted with 
engineers and scientist from Technology Development (TD) department who are 
responsible for designing and upgrading of the facility. The process also included 
interviews with the process technicians and production managers who are 
responsible for the day-to-day running of the facility. Summary of the selected 
responses is listed in Table 5 below. 
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Table 5: Respondents (Source: Own) 
No Department  Responsibility  
1 Technology Development Technology Provider 
2 Operations Technology Implementer 
3 Management Oversee 
 
Detailed demographics of the respondents that include level of education and the 
number of years’ experience are listed in the next section. 
 
4.3 Data Analysis 
Data collected is categorised according to qualitative and quantitative categories. 
Qualitative data was obtained through the interviews, whilst quantitative data was 
obtained by rating of the questionnaire. The results are listed below. 
 
4.3.1. Qualitative Data 
For qualitative research, a selected study groups listed in Table 5 were asked 
questions listed below. The population size was slightly lesser when compared to the 
quantitative study. The questions were asked in a listed order in an informal manner. 
The aim was to ensure the respondents do not feel any pressure when answering 
the questions.  The response from the study groups were summarised to represent 
the central understanding of the department. 
The questions and response are as follows: 
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 Question 1: Understanding of human factors 
What is your understanding of human factors in systems design? 
Purpose of the question: 
The question aims to determine if the respondent is aware of the importance of 
human factors consideration in systems design. 
 Response 
The respondents from the operations (Operators) explained that the concept of 
human factors is important in nuclear operations however; their explanation of it was 
rather vague. The vagueness in their explanation did not remove their natural 
expectation of what the designers of automation ought to consider.  The response 
from the technology department was consistent in that they understand the 
importance of human factors in systems design and how well it can be used to 
reduce human error. The explanation of the Managers focused more on the 
importance of human safety, facility integrity and the environmental consideration at 
large during the production process. This understanding of human factors forms part 
of the broader definition or intent of human factors. 
 
Since there is a well-established process of how production ought to be carried out, 
the operators expected the designers to seek their input on what aspects of the 
process needs to be automated. It seems this was not adequately done as they 
deem the aspects that needed to be automated were towards the end of production 
process where there have been many mistakes in the past. They agree that potential 
accidents during the dissolution process pose a serious risk of explosion but it 
should not have been limited to just that. One respondent noted the large customer 
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complaints experienced in the past as the indicator of the need to automate the 
dispensing process which is the last step of the process. This respondent noted 
potential risks such as spillage of the product as one of the reasons the dispensing 
process needs be automated. This respondent strongly believes automation of the 
dispensing process should be the next project that should be undertaken. 
 
The Technology Department (TD) as well as management showed a greater 
understanding of the potential of an accident in the earlier phase of the production 
process hence the need to reduce the level of human intervention through 
automation. As the technology developers, the TD relied on the user requirement 
specification (URS) which is one of the inputs in systems engineering approach the 
organization uses. This input was used in the design of the semi-automation of the 
dissolution process. It seems this URS needs to be updated to reflect the current 
capabilities and limitations of the current operators. 
 
 Question 2: Human factors consideration 
What are the critical human factors that must be considered in the automation 
design? (Can be more than one). 
Purpose of the question: 
The question aims to determine what designers and operators consider important in 
relation to the human factors aspect. The question also aims to determine how the 
stated human factors were evaluated. 
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 Response: 
There is an agreement across the three divisions of respondents (TD, Management 
and Operators) that more needs to be done to reduce physical and mental 
requirements of the tasks. More importantly, the operators noted the mental fatigue 
they sometimes experience due to the long working hours as a problem. They 
attribute these long hours to the shift from manual control to semi-automation control 
of the dissolution process that is not yielding the desired results. A suggestion was 
made to this effect that some of the steps in the production process need to be 
reviewed without necessarily affecting the quality of the final product. It is the 
observation of the Researcher that such review must be focused more on the 
dissolution step, as it is the rate-determining step. 
An intervention to reduce or control mental fatigue of the operators is a topic that 
management say they are continuously researching. Options such as splitting of 
production teams are been investigated.  The TD group came up with a plausible 
explanation to the long working hours of the Operators. They attribute this to the 
delay in the starting of production process and the level of uranium enrichment 
[Uranium is either medium enriched (MEU) or low enriched (LEU)]. Their assertion is 
that control mode is not the problem but rather the processing steps needs to be 
looked at. This is consistent with what the Operators suggested. 
 
 Question 3: Implementation 
Do you think the identified critical human factors in Question 2 were adequately 
considered in the past and what effect do you think this had in the automation level? 
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Purpose of the question: 
The question aims to determine the historical lessons of human factors 
implementation. 
 Response: 
As the data that was used in the development of the current semi-automation control 
mode was based on the manual control, the Operators believe physical and mental 
requirements of the tasks were not adequately considered. This sentiment is shared 
by the Management with the exception been that they state that industry norms and 
standards were used. The TD group stated that the current semi-automation was 
based on the input from the URS. 
According to Management, the recorded deviations and near misses were 
considered in the design of the current semi-automation control mode of the 
dissolution process. The TD group shared this sentiment. It was however, impossible 
for the Researcher to verify such a sentiment. The Operators attributes long closure 
of the facility reported widely in the media as one of the evidence of lack of proper 
consideration of important human factors during the design. 
 
 Question 4: Verification and Validation 
What verification and validation were done in the past during the implementation? 
Purpose of the question: 
The question aims to determine if there was any verification and validation that was 
undertaken during the implementation. 
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 Response: 
 
There is no evidence that verification and validation of human factors were 
adequately considered apart from the use of the URS that is extensively referenced 
in various systems design. 
 
 Question 5: Level of Automation 
What mode of control do you consider appropriate for safety-critical installation? (Full 
automation, semi-automation or manual control) 
Purpose of the question: 
The question aims to elicit the preferred mode of control operators of safety-critical 
operations prefer. 
 Response: 
There is an overwhelming agreement across the respondents that some level of 
human intervention is necessary in the operations of the nuclear facilities. To that 
effect, semi-automation is preferred. 
The respondents state reasons such as fail-proofing of the process as one of the 
reasons for the need of human intervention. Also, the respondents noted that some 
of the tasks require human expertise and cannot be left to machines. This reason 
was stated in the rejection of full automation. They however, recognise the need for 
some sort of machine control particularly in the performance of safety-critical steps. 
This, they say will reduce the possibilities of human error that might be catastrophic. 
Human error was stated as the main reason for the rejection of manual operations. 
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Another reason in the rejection of manual operations was the cognitive requirement 
of tasks that is contributing towards mental fatigue. Manual operation was also 
stated to be inadequate in controlling and keeping track of actions of the operators. 
The administration control of completing standard operating procedure during 
production was subjective and it is not always helpful in incidence investigations. 
In terms of instrumentations and control systems, the respondents recognise that 
radioactive environment has the detrimental effect on the systems, subsystems and 
components that are used in nuclear processes. This would limit the use of sensitive 
sensors in the radioactive environment associated with full automation. 
From the interviews, full automation and manual control are considered to be not 
suitable for the operations of safety-critical nuclear process. Control mode that 
encompasses both technology and human intervention is considered appropriate. 
That is, semi-automation is considered the appropriate mode of control for safety-
critical nuclear operations. 
 
4.3.2. Quantitative Data 
For quantitative data, a sample size of 14 respondents was chosen from the 
population size of more than 300. A questionnaire was prepared and distributed to 
the respondents using the monkey survey tool. The following link was send to all the 
respondents www.surveymonkey.com/r/CRKRP6J. 
Most of the respondents were from the operational department with minimal 
responses from the management and the technology department. The distribution is 
captured in the figure below. It is important to note that the responses obtained for 
the quantitative research was slightly larger than that of qualitative research as 
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already stated and the monkey survey was used in the analysis of results instead of 
doing it manually. 
 
 
Figure 21: Area of Responsibility (Source: Own) 
 
The experience of the respondents ranged from 1 year to more than 11 years with 
the majority been between 3 – 10 years. This information is captured in Figure 22. 
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Figure 22: Respondents Experience (Source: Own) 
 
The experience of the sample as illustrated in the figure indicates an almost bell-
shape which indicates a normal distribution. Large size of the population experience 
is between 3 – 10 years. This indicates that the information derived from the sample 
has high-level of credibility. 
The education background of the respondents, range from University of Technology 
Diploma to the University Master’s degree. The information is captured in Figure 23. 
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Figure 23: Respondents Educational Background (Source: Own) 
 
The next section deals with the answers to the research questions as posed to the 
respondents. The results are represented graphically and elaborated on. 
The following research questions were asked:   
 Question 1: Which operational factors do you consider important in the 
operations of the safety-critical system? Options are listed below: 
- The physical requirements of the tasks; 
- The mental requirements of the tasks; 
- The presence of alarms and monitoring systems; 
- The overall safety of the system; 
- The reliability of operating the semi-automatic system; 
- The ability of the system to self-correct; 
- Presence of sufficient redundancies; 
0
5
10
15
20
25
30
35
40
45
Diploma Bachelor Degree Bachelor  Honours
degree
Master's degree Doctoral degree
Pe
rc
en
ta
ge
Attributes
Qualification Level
Human factors consideration in the automation design of a safety-critical installation 
Research Results Page 79 
 
- The overall comfort of operating the semi-automatic system. 
The results of the survey are illustrated in Figure 24. 
 
Human factors consideration in the automation design of a safety-critical installation 
Research Results Page 80 
 
 
Figure 24: Graphical representation of the Perceived Important Operational Factors (Source: Results) 
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Apart from safety as the most important aspect of the system, the majority of the 
respondents agree that the monitoring systems in the operations of the nuclear 
facility are very important. This assertion is consistent with the safety aspect that the 
respondents consider more important than the rest.  
Further analysis of the figure indicates that the respondents consider both physical 
and mental requirements of the tasks as important. Also important in the figure is 
ability of the system to self-correct. This represents one of the principles of the 
defence-in-depth mentioned in the previous sections were engineered solution is the 
first line of defence. 
The next question deals with the operational experience of the respondents. 
 
 Question 2: How often do you experience the following? Options are listed 
below: 
- Get fatigued; 
- Get confused by the system; 
- Fail to follow the logic of the process; 
- Need to override the system. 
 
Human factors as stated in the definition is about understanding capabilities and 
limitations of the end user and designing compatible systems. Operator experience 
is one of the key inputs to the system design process. Figure 25 illustrates some of 
the experiences of the operator of the nuclear installation. 
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Figure 25: Operational Experience (Source: Results) 
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Majority of the respondents seldom or have never failed to follow the production 
process. This observation is important as nuclear operations are safety-critical and 
any failure can be disastrous. Another important aspect in the figure is the need to 
override the system. A significant number of respondents indicate that they 
sometimes need to override the system. Literature findings in this regard indicate 
that the need to override the system may give rise to unintended consequence of 
human error. The study found perceptual error, which stems from inaccurate 
apprehension of reality as one of the possible human errors that may arise if 
operators are allowed to override the system. Literature also points to intended 
action of sabotage if operators are allowed to override the system. 
Also significant in the figure is the respondents feeling fatigued more often or 
sometimes. Fatigue is listed in literature as one of the reasons automation is 
adopted. Its elimination depends on achieving the balance between automation and 
manual control (Lee & Seppelt, 2009). As noted in the literature section of this study, 
simple elimination of human operators with machines will give rise to different types 
of human error.   
The next question deals with the automation design in the safety-critical operations. 
 
 Question 3: Which mode of operation do you consider appropriate for the 
operations of safety-critical nuclear installation? Also, how can the design 
of such a system be improved so as to reduce possible human errors? 
Options are listed below: 
- Full automation is appropriate for the operations of safety-critical operations; 
- Semi-automation is appropriate for the operations of safety-critical operations; 
- Manual control is appropriate for the operations of safety-critical operations; 
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- Operational errors can be reduced through human factors consideration in the 
design; 
- Systems designers must consult more before undertaking the design. 
 
Operator input is a key factor in the successful design and deployment of any 
system. The results from the survey in this regard are illustrated in Figure 26.
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Figure 26: Preferred Control mode (Source: Results) 
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Majority of the respondents rejects manual control as the appropriate mode of 
control of safety-critical nuclear installation. They also reject full automation as the 
appropriate mode of control. The respondents accept the semi-automation as the 
appropriate mode of control in the operations of safety-critical nuclear installation. 
Only a quarter of the respondents disagree with this sentiment. 
Majority of the respondents strongly agree with the findings in the literature survey 
that the input of the operators must be sought before the design process would 
begin. The respondents further agree that the approach can greatly reduce the 
possible human error during the system deployment.  
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CHAPTER 5: CONCLUSIONS 
 
The results obtained in the previous chapter are based on answering the research 
questions posed in the first chapter as well as the overall objective of this study.  The 
recommendations on how automation is to be effected to ensure important human 
factors are adequately considered are discussed in this chapter. 
 
5.1 Introduction 
The main objective of this study was to determine the important human factors that 
must be considered in the automation design of the safety-critical nuclear 
installation. The study further wanted to determine the appropriate level of 
automation for the operations of the safety-critical nuclear installation. These 
objectives were indeed achieved. Some of the causes of human error in an 
automated system were also established. 
The findings of the study are discussed in the next section. 
 
5.2 Findings 
The four research questions posed in the beginning of the study are listed below and 
answered in the following paragraphs.  
 RQ 1 : What are the critical human factors that must be considered in the 
automation design of a safety-critical nuclear installation? 
 RQ 2 : Why is human factors consideration important in automation design? 
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 RQ 3 : How can human factors be implemented in automation design? 
 RQ 4 : What is the appropriate level of automation that must be adopted in 
the safety-critical nuclear installation? 
 
The first question was based on understanding the important human factors that 
must be considered in the automation design of a safety-critical process of the 
nuclear installation. The survey demonstrated that physical requirements of the tasks 
and the mental requirements are the two critical human factors that must be 
considered. This assertion is consistent with the findings in the literature review. 
The qualitative studies identified a challenge in factoring-in of the two identified 
human factors. The Operators through the interviews challenged the use of an 
outdated user requirements specification, which is an input to the design. The 
consensus is that there is an inadequate consultation if there is any during systems 
designs. Future projects need to focus more on the human aspects of systems. 
The second question dealt with the importance of human factors consideration in the 
operations of a safety-critical system. The consensus in this study is that 
consideration of human factors is about ensuring safety of humans, environment and 
the facility. Such safety as demonstrated in the quantitative study can be achieved 
through having measures in-place to prevent or mitigate possible human errors by 
designing automation based on the strengths and mitigating weaknesses of the 
operators. 
The third question dealt with how the identified human factors can be integrated into 
the automation design. As mentioned in the answer to the first question, the 
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consensus is that the user requirements specification has to be continuously 
updated to reflect the skills makeup of the organization. 
The last question dealt with the appropriate level of automation for the operations of 
safety-critical nuclear installation. Majority of the respondents are in agreement that 
mode of process control adopted must harness the experience of the operators as 
well as benefits of the technological shift. Data indicates that such mode of control is 
the semi-automation. Evidence collected indicates reasons such as fatigue due to 
the long working hours as some of the reasons semi-automation is appropriate. It 
was also observed that majority of the respondents believe semi-automation can 
reduce the possibilities human errors. 
 It is the observation of the researcher, which is also a finding in the literature section 
that the adoption of semi-automation is the most appropriate mode of control for the 
process that still needs to be improved (Strand & Nilsson, 2014).   
 
5.3 Recommendations and Future Works 
The recommendations in this study are meant to suggest aspects that are related to 
humans that must be considered in future automation projects as related to safety-
critical systems. Excellent systems designs are worthless if they are not done with 
the human consideration in mind. Systems that intuitively consider human factors 
aspects are generally safe to operate and have lower rate of human error as they are 
based on harnessing human strengths and levels off human limitations.  
Due to the changing skills level of operators and the technology shift, the user 
requirements specification, which is used as the basis of the designs, needs to be 
continuously updated. Top-down approach in the design is not effective. A more 
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inclusive approach that is based on both top-down and bottom-up must be used in 
the designs. Also, more studies need to be done to understand the chemistry and 
the overall efficiency of the production process.  
Further studies can be done to determine the impact of the increase in the level of 
education has on the cognitive ability of the operators. Other studies can be done to 
consider whether adaptive automation is appropriate for the safety-critical 
installations. Finally, the fourth industrial revolution is making it imperative that the 
role of human operators be clearly defined as machines replace humans. This will 
make the role of engineering managers in systems development more important as 
the needs of the humans will also continue to change. 
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A SURVEY OF HUMAN FACTORS IN 
AUTOMATION DESIGN  
 
This is a survey on the automation design with respect to human considerations. The 
researcher would like to find out the critical human factors that must be considered in 
the automation design of a nuclear facility. By determining these human factors, the 
researcher anticipates an increase in the level of performance and safety. 
 
The researcher requires your subjective opinion based on your experience. This 
information is important in identifying and recommending possible solutions for the 
future automation design projects. 
 
The information provided in this study will be treated confidentially.  
Regards, 
Lebogang Seeme 
Researcher 
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a. Qualitative Data 
For qualitative research, a selected study groups listed in Table 5 and Table 6 were 
asked questions listed below. These questions were asked in a listed order in an 
informal manner. The aim was to ensure the respondents do not feel any pressure 
when answering the questions.   
The responds from the study groups were summarised to represent the central 
understanding of the department.  
 
Question 1: Understanding of human factor 
What is your understanding of human factor in systems design?  
Purpose of the question: 
The question aims to determine if the respondent is aware of the importance of 
human factor consideration in systems design. 
 Response of the Technology Development: 
 
 Response of the Operators: 
 
 
 Response of the Management: 
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Question 2: Human factor consideration  
What are the critical human factors that you think must be considered in automation 
design? (Can be more than one) 
Purpose of the question:  
The questions aim to determine what designers and operators consider important in 
relation to the human factor aspect. The questions also aim to determine how the 
stated human factors were evaluated. 
 Response of the Technology Development: 
 
 Response of the Operators: 
 
 
 Response of the Management: 
 
Question 3: Implementation  
Do you think the identified critical human factors in Question 3 were adequately 
considered in the past? What effect did this have in the overall operations? 
Purpose of the question: 
The questions aim to determine the historical lessons of human factor 
implementation.  
 Response of the Technology Development: 
 
 Response of the Operators: 
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 Response of the Management: 
 
 
Question 4: Verification  
What type verification was done in the past to ensure human factors were 
considered? 
Purpose of the question: 
The question aims to determine the verification and validation that was undertaken 
during the implementation.  
 Response of the Technology Development: 
 
 Response of the Operators: 
 
 
 Response of the Management: 
 
Question 5 
What mode of control (full automation, semi-automation or manual operations) do 
you consider appropriate for nuclear installation? 
Purpose of the question: 
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The question aims to elicit the preferred mode of control operators of nuclear 
systems prefer and why it is so.  
 Response of the Technology Development: 
 
 Response of the Operators: 
 
 
 Response of the Management: 
 
b. Instructions for Quantitative Data 
 
The scope of this research might be too broad or too narrow in some instances. In 
such instance, focus on what is relevant to you and skip what is irrelevant. 
Do the following in this section: 
 Tick ✔or put a cross ✗on the answer most appropriate to you; 
 There is also an option for when you do not know; 
  In cases you want to elaborate on your answer, refer back to the qualitative 
section and complete the additional comments. 
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A 
 
How would you rate the importance of the following aspects 
of the systems operation? 
 
 
very 
important 
 
important 
 
not 
important 
 
no answer 
1  The physical requirements of the tasks     
2  The mental requirements of the tasks     
3  The alarm system and monitoring     
4  The overall safety of the system     
5  The reliability of operating the semi-automatic system     
6  The ability of the system to self-correct     
7  The overall comfort of operating the semi-automatic system     
8  The overall comfort of operating the system manually     
 
B How often do you experience the following? more 
often 
often sometimes seldom never no 
answer 
1  Get fatigued       
2  Get confused by the system       
3  Fail to follow the standard operating procedure       
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B How often do you experience the following? more 
often 
often sometimes seldom never no 
answer 
4  Need to override the system       
5  System failure / Need to correct the system       
 
C Please indicate if you agree with the following statements strongly 
agree 
agree disagree no answer 
1  Operational errors can be greatly reduced by considering the 
abilities of human abilities during the design 
 
    
2  Systems designers must consult more during systems design     
3  Full automation is appropriate for nuclear operations     
4  Semi-automation is appropriate for nuclear operations     
5  Manual operations is appropriate for nuclear operations     
 
